Over 100 million Americans experience recurrent aphthous stomatitis (RAS) at some point in life. To develop targeted drugs for RAS treatment, it is critical to identify its etiology. We determined if serum insulin-like growth factor 1 (IGF-1) and related factors are associated with RAS, because both RAS prevalence and IGF-1 are highest during puberty. We analyzed data from 1,480 Third National Health and Nutrition Examination Survey participants aged 20-40 years. Participants with a history of diabetes or lupus, cotinine levels 6 ng/ml or higher or glycemia 110 mg/dl or higher were excluded. We compared levels of IGF-1, IGFBP-3, leptin, and insulin in participants with a positive vs. negative RAS history in the prior 12 months. We used logistic regression in SAS/SUDAAN to account for the complex sampling design. The odds of a positive RAS history were 1.31 times higher for every 100 ng/ml increase in serum IGF-1. This association persisted after adjustment for age, race/ethnicity, medication intake, body mass index, insulin, leptin, glycemia, and income (adjusted OR = 1.30, 95% CI [1.06, 1.60]; p = 0.013). The odds of a positive RAS history were also higher among non-Hispanic white compared with non-Hispanic black participants (adjusted OR = 4.37, 95% CI [3.00, 6.38]). Leptin, IGFBP-3, and insulin levels did not differ by RAS status. The significantly higher IGF-1 levels in participants with a positive RAS history compared with controls suggest a possible role of the IGF-1 pathway in RAS etiology.
| INTRODUCTION
Recurrent aphthous stomatitis (RAS) is an inflammatory condition characterized by painful, recurrent ulcerations of the oral mucosa (Ship, Chavez, Doerr, Henson, & Sarmadi, 2000) . Over 100 million individuals in the United States experience these painful ulcers at some point in life (Kleinman, Swango, & Pindborg, 1994) . RAS is one of the most debilitating oral conditions (Robledo-Sierra, Mattsson, Svedensten, & Jontell, 2013) , due to the disproportionately high pain levels compared with the lesion size. Different etiologic theories have been proposed over the years.
There is general agreement that the immune system is activated in RAS, although there is no conclusive evidence that the initiating factor lies within the immune system. Furthermore, RAS is a very common
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Several treatments have been attempted through the years without strong evidence to support their use, aside from their nonspecific ability to reduce pain and inflammation. Patients find only temporary and often partial symptomatic relief from currently available medications, many of which have substantial side effects when used over prolonged periods of time to treat recalcitrant ulcers (Baccaglini et al., 2011; Thornhill, Baccaglini, Theaker, & Pemberton, 2007) . Significant treatment progress can only be achieved through a better understanding of RAS etiology.
We had previously noted that insulin-like growth factor 1 (IGF-1) levels (Brabant et al., 2003) and RAS prevalence follow a remarkably parallel age curve, both reaching a peak during the growth spurt. Thus, we hypothesized that the specific pathway involving IGF-1 might be the mechanism associated with wound healing and immune system activation in RAS patients.
IGF-1 is a potent mitogen that enhances cell growth and proliferation and inhibits apoptosis (Duan, 2002; Lee, Kim, Kim, & Lee, 2010) .
The beneficial effects of IGF-1 on maintaining the integrity of the gastrointestinal mucosa are well-documented, although at high doses, IGF-1 can induce aberrant healing (Coerper et al., 2001; Theiss, Fruchtman, & Lund, 2004) . IGF-1 is expressed by normal oral epithelial cells (Brady, Crean, Lorenzon, & Kapas, 2008) and is found in saliva (Antonelli, Gatti, Prearo, & De Palo, 2009 ). IGF-1 receptors are widely distributed in the human body, including the oral cavity and salivary glands (Caviedes-Bucheli et al., 2009; Katz et al., 2003) . IGF-1 binds primarily to the IGF-1R receptor, and its actions are modulated by binding proteins (IGFBPs; Duan, 2002; Werner & Katz, 2004) . Free IGF-1 binds mostly to IGFBP-3. During puberty, the increase in IGF-1 is greater than that of IGFBP-3, suggesting an increase in free, biologically active IGF-1 (Juul et al., 1995) . Intense cross-talks exist between IGF-1 and other growth factors, such as leptin and insulin.
The insulin receptor (IR) can form a heterodimer with IGF-1R and be activated by both IGF-1 and insulin (Ryan & Goss, 2008) . Both receptors also share IRS-1/IRS-2 and Shc as immediate downstream adaptors (Zielinski et al., 2009) . Leptin levels are positively correlated with IGF-1 and insulin (Woelfle, Harz, & Roth, 2007) . Some of leptin's effects include: switching immune responses from Th2 to Th1 (Lord et al., 1998) , stimulation of angiogenesis (Sierra-Honigmann et al., 1998) , and increased oral keratinocyte proliferation (Groschl et al., 2005) . Leptin can also increase phosphorylation of the IGF-1 signaling molecules IR substrate (IRS)-1 and IRS-2 (Saxena et al., 2008) . Interestingly, smoking cessation, one of the recognized risk factor for RAS, increases leptin (Lee et al., 2006) , whereas smoking is associated with lower IGF-1 levels (Chelchowska et al., 2012) and lower RAS prevalence (Pentenero, Broccoletti, Carbone, Conrotto, & Gandolfo, 2008) .
Thus, the aim of this study was to determine if RAS and IGF-1, and IGF-1-related factors are associated in a nationally representative sample of the U.S. population. Our primary hypothesis was that participants with higher IGF-1 serum levels have greater odds of having a positive RAS history compared with unaffected participants.
| METHODS
We analyzed data from the Third National Health and Nutrition Examination Survey (NHANES Ill), a cross-sectional survey conducted in the United States by the National Center for Health Statistics, Centers for Disease Control and Prevention (CDC). NHANES Ill is a nationally representative sample of the civilian noninstitutionalized U.S. population (1988) (1989) (1990) (1991) (1992) (1993) (1994) . The survey was approved by an Ethics Review Board, and all participants gave informed consent. Data were then collected using standardized questionnaires and examinations. A detailed description of the data collection methods is publicly available (CDC/ NCHS, 1988).
Questionnaires were used to collect sociodemographic information such as age, gender, race/ethnicity, and tobacco use, medical history, and medication intake. Participants were also asked if they had canker sores or other ulcers or sores inside their mouth in the past 12 months, and this variable was used to classify patients as having a positive or negative RAS history. The examination component included oral and physical exams, blood draws, and other specific tests. Body mass index was calculated from height and weight measurements. Oral soft tissue examinations were performed by calibrated dentists to record existing lesions, including RAS, according to specified diagnostic criteria. Circulating biomarkers, such as insulin, cotinine and glucose, were measured through blood draws. Additionally, surplus sera from a subsample of participants aged 20 and older were analyzed for IGF-1, IGFBP-3, leptin, and other biomarkers.
All collected specimens were processed in designated laboratories using standardized procedures. A detailed description of specimen collection, processing, shipping, storage, and analytical procedures has been published (Gunter, Lewis, & Koncikowski, 1996) .
Participants were included in our secondary analyses if they met certain eligibility criteria that had been established by CDC or reduced bias and variability (Table 1) . For descriptive statistics, we calculated 
| RESULTS
A total of 1,480 participants (293 with a positive and 1,187 with a negative RAS history) aged 20-40 years were eligible for inclusion in our analyses ( Table 2 ). The age and gender distribution was similar for participants with and without RAS history in the prior 12 months. However, RAS history differed significantly by race (Tables 2, 3 ). Non-Hispanic white participants had almost five times higher odds of reporting a positive RAS history compared to non-Hispanic black participants.
Mean IGF-1 levels were significantly higher in participants with a positive vs. negative RAS history (342 vs. 312 ng/ml). The crude odds of having a positive RAS history were 1.31 times higher for every 100 ng/ml increase in serum IGF-1 (95% CI [1.12, 1.53]; Table 3 , Model 1). This association persisted after adjustment for potential confounders (Table 3 , Models 2 and 3).
Mean IGF-1 levels were especially high in those individuals with a positive RAS history who also had recurrent aphthae upon exam (383 ng/ml; not shown in tables) . However, this result should be interpreted with caution given the small number of individuals (n = 19).
Interestingly, although significantly fewer non-Hispanic blacks reported a positive RAS history, their overall IGF-1 levels (329 ng/ ml) were higher than other races (non-Hispanic whites: 324 ng/ml, Mexican-American: 285 ng/ml and other races: 307 ng/ml). However, among participants with a positive RAS history, non-Hispanic blacks had higher IGF-1 levels compared with all other races (380 vs.
340 ng/ml, respectively; not shown in tables).
A history of RAS was also more common in participants who had taken medications prior to the survey compared with those who had not, although the association was no longer significant after adjusting for other covariates (Table 2) . Participants with a higher income, lower body mass index, and lower insulin levels had a greater, although not significant, tendency to report a positive history. However, these associations weakened considerably when other covariates, such as race/ethnicity and IGF-1, were included in the model (Table 3 , Model 2).
In summary, race and serum IGF-1 were significantly and consistently associated with RAS history in the prior 12 months. Nonblack participants and participants with high serum IGF-1 levels reported more frequently a positive history of RAS compared with blacks or participants with lower IGF-1 levels. These two factors were strongly and independently associated with RAS and were unaffected by other participants' characteristics.
| DISCUSSION
Our working hypothesis, developed during a series of RAS studies conducted by our research team, was that RAS is likely a wound healing abnormality related to an alteration in circulating IGF-1 levels (or a closely linked factor). As a first step to test this hypothesis, we determined if an association between IGF-1 and RAS could be detected by analyzing data from a national survey (NHANES III).
Although this type of cross-sectional design cannot prove a causal link, it provides important initial clues as to whether an association between RAS and the IGF-1 pathway might exist.
We minimized age effects by restricting our sample to those aged 20-40 years. We selected participants aged 20 years and older because IGF-1 levels were only measured in these individuals. We restricted the upper age limit to 40 years because IGF-1 levels and RAS prevalence are highest in younger adults. If we had included older participants, most of them would have reported a negative RAS history in the prior 12 months, even if they had suffered from RAS as young adults. From our prior validation studies, we also knew that self-reported RAS history alone is fairly accurate for diagnosing RAS in young adults, even when a single question is used (Baccaglini, Theriaque, Shuster, Serrano, & Lalla, 2013) , but the accuracy of selfreported RAS history in older adults is unknown. In this study, although we could not exclude misclassification bias, that is, some participants reporting accidental bites (other intraoral ulcers in young adults are very rare) instead of RAS, the effect of this bias would have been toward the null (i.e., to reduce the strength of association between RAS and IGF-1), given that a link between accidental cheek bites and IGF-1 is implausible. Despite concerns about a potential dilution of effects, we found a significant association between IGF-1 and RAS. In addition, because race has not been linked to accidental bites, whereas the association between race and RAS is well-known, our finding of a significant association between race and our primary outcome indirectly suggests that most NHANES participants were indeed reporting RAS, not other common "sores."
Specifically, we found a significant crude association between IGF-1 and RAS, with higher IGF-1 levels in individuals with a positive RAS history compared with those with a negative history. This association persisted after adjustment for potential confounders. In multivariable models, the only effect that other covariates had on the IGF-1 results was to reduce the precision of the confidence intervals, as expected when nonconfounders are included in a model (Table 3) .
The negligible gender differences in RAS prevalence are consistent with prior reports. Because gender was not associated with the outcome, we excluded this variable from the multivariable models. Interestingly, blacks reported a significantly lower RAS prevalence, although their overall IGF-1 levels were higher than other races. However, blacks who had experienced RAS in the prior 12 months had substantially higher IGF-1 levels compared with participants of other races with a positive RAS history. The presence of a protective genetic factor in blacks could explain the apparent paradox of a generally lower RAS prevalence despite the high IGF-1 levels and the higher RAS prevalence in blacks only in association with very high IGF-1 levels.
An advantage of this study is that many potential confounders were measured using both self-reports and laboratory techniques (such as cotinine for smoking and glycemia for diabetes and fasting), increasing the accuracy of these measurements. A limitation of this study is that we could not directly link IGF-1 levels to the time of clinical RAS onset, although participants with active aphthae upon exam had the highest mean IGF-1 levels (interpreting with caution this result due to the small sample size). Due to the cross-sectional nature of the study, we also could not determine if or how IGF-1 levels change before and after the appearance of an ulcer, although total IGF-1 does not typically undergo rapid fluctuations.
By using restrictions at the design stage, we reduced the effects of major potential confounders and effect modifiers, such as smoking and hyperglycemic states. Exclusion of a sample with a particular factor may be more effective in controlling the cascade of complex underlying biological interactions triggered by that single factor than using statistical modeling, because most factors involved in biological pathways are unmeasured.
In conclusion, higher IGF-1 levels and nonblack race were independently associated with a positive RAS history. These findings, which confirm previously reported strong racial differences in RAS history and unveil novel significant differences in IGF-1 serum levels, provide support to our initial hypothesis. A common genetic abnormality differentially distributed across different races (i.e., less prevalent in blacks) and involving the IGF-1 pathway, coupled with high circulating IGF-1 levels could explain the differences in reported RAS history noted in this study. Additional studies are needed to assess changes in IGF-1 levels temporally linked to clinical RAS onset and identify possible genetic variations linked to the IGF-1 pathway in individuals with and without RAS history. Future studies could include more convenient measurements of salivary IGF-1 levels (Antonelli et al., 2009) to determine the role of this growth factor in RAS and possibly other oral wound healing disorders.
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